The aggregation of liquid crystal nanodroplets from a homogeneous solution is an important but not well understood step in the preparation of various advanced photonic materials. Here, we have performed molecular dynamics computer simulations of the formation of liquid crystalline nanodroplets, starting from an isotropic and uniform binary solution of spherical Lennard-Jones (solvent) and elongated ellipsoidal Gay-Berne (solute) rigid particles in low (< 10%) concentration. We have studied the dynamics of demixing and the mesogen ordering process and we have characterised the resulting nanodroplets assessing the effect of temperature, composition, and specific solute-solvent interaction on the morphology, structure, and anisotropy. We find that the specific solute-solvent interaction, composition, and temperature can be adjusted to tune the nanodroplet growth and size.
Introduction
Dispersions of minute nematic liquid crystal (LC) droplets in a suitable solid (e.g. polymeric) [1] [2] [3] [4] [5] or liquid [6] [7] [8] [9] [10] matrix are of considerable importance as composites that act as light modulators or more generally as photonic materials. 11 The LC refractive index is anisotropic and thus can be varied by changing the alignment inside the droplets with an applied field. Moreover the LC can be chosen so that in its field on/off states, its refractive index contrasts with that of the isotropic matrix. This offers the possibility of realising a number of electro-optical devices. 1 The classical case is that of polymer dispersed LC films (PDLC), where the droplets have micrometric size and the field switching can be used to obtain a material changing from a scattering (i.e. opaque) to a transparent condition. Another more recent application employs suitable interfering laser beams, coupled with photo-polymerisation, to create nanosize droplets (with average diameter of the order of 200 nm) corresponding to tunable diffraction gratings that can be used in holographic applications (H-PDLC). Scattering is negligible at this droplet sizes and the fascinating possibility is that of writing refractive index patterns continuously updatable. While in the two cases described the matrix is solid (polymeric) it is important to realise that LC droplet emulsions have also been employed. [6] [7] [8] [9] [10] Moreover, the solid matrix is typically obtained by phase separation achieved from a solution (syrup) of the monomer (prepolymer), followed by photopolymerisation (PIPS) 12 or by cooling from a homogeneous liquid crystal-polymer solution (TIPS). 1, 13 Computer simulations studies have appeared on related problems, such as the crystallization of spherical solutes from a solution, 14 the crystal nucleation in colloidal suspensions 15, 16 and the phase diagram of binary rod-sphere mixtures 17, 18 which reported the formation of many different structures. A Brownian dynamics simulation of phase separation in concentrated solutions of long (length/width ratios 10 − 60) hard rods has also very recently appeared. 19 However, also in view of the importance of the aforementioned applications, it is surprising that very little indeed is known on the mechanism of thermotropic liquid crystal nanodroplet formation, their internal structure and ordering, and how a change in temperature affects the droplet features. In this paper we wish to present a computer simulation of the separation of nematic nanodroplets from a homogeneous binary solution. We shall assume for simplicity our particles to be ellipsoidal attractive-repulsive Gay-Berne (GB) 20 mesogens with a 3 : 1 aspect ratio and the solvent to be made of spherical molecules that can be modelled by Lennard-Jones (LJ) particles. We shall investigate the system for a few concentrations and perform temperature scans to monitor the orientational ordering variation inside the droplets. Although the order inside a liquid crystalline nanodroplet in vacuum 21 has been studied this is, to our knowledge, the first investigation of nematic nanodroplet formation from a solution.
Model
We have modelled several monomer-mesogen liquid mixtures by considering LJ and GB particles, the former ones representing the solvent molecules and the latter the model mesogenic solutes. The change in solute-solvent properties associated with the separation process has been studied here starting from a uniform and isotropic sample and running MD virtual experiments with a parameterisation of the heterogeneous solutesolvent interactions which can produce demixing. The GB potential, 20, 22 used to model pair interactions, consists of an anisotropic heterogeneous and shifted generalisation of the LJ potential that considers the attractiverepulsive interaction between two like (A = B) or unlike (A = B) ellipsoidal particles with labels 1, and 2 as
where A, and B are either LJ, or GB, and the anisotropies in shape and attractive interaction are described by the contact (shape) term σ AB (ω 1 , ω 2 ,r 12 ), and by the energy term (ω 1 , ω 2 ,r 12 ) whose explicit expressions for a heterogeneous pair are given in.
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These two functions depend on the molecular orientations ω 1 , ω 2 (which for uniaxial particles can be expressed as unit vectors), and on the intermolecular vector r 12 , of length r 12 (the site-site distance) and orientationr 12 ≡ ω r (the site-site orientation). Each soft ellipsoid is fully characterised by its three axes σ
n , and three energy parameters
n , with n = x, y, or z. A useful feature of the heterogeneous potential 23 is that the contact distance σ AB (ω 1 , ω 2 ,r 12 ), and interaction energy functions AB (ω 1 , ω 2 ,r 12 ) are parameterised only in terms of the individual particle terms σ which determine the homogeneous interactions of two like particles with the same orientation and approaching along the x, y, and z axes. The additional well width σ c , and model parameters µ, ν further characterise the pair energy surfaces. 20, 24 To control in a very compact form the overall magnitude of particle-particle interactions in mixtures, it is convenient to introduce a specific coupling parameter e AB , which can be used to rescale a pair energy surface by changing its amplitude while keeping the distance dependence unaltered. As usual, the simulation observables are written in dimensionless units, 25 obtained by rescaling all quantities with respect to suitable combinations of a characteristic length σ 0 , energy 0 , and mass m 0 , which, taking 4 -n-octyl-4-cyanobiphenyl (8CB) as typical calamitic mesogen, can be approximated as σ 0 = 5 × 10 −10 m, 0 = 1.4 × 10 −21 J, and m 0 = 4.8 × 10 −22 kg. Using these values, the dimensionless time unit t * = ( 0 /σ 2 0 m 0 ) 1/2 t becomes approximately equal to 3 × 10 −10 s. The parameterisations of the intermolecular potentials and the thermodynamic conditions have been chosen in order to correspond, at the given pressure and over most of the explored temperature range for the single-component systems, to the liquid state of the pure LJ solvent, 26 and to the isotropic, nematic, and smectic phases of the pure GB solute. 24 In practice, the solvent parameters chosen for this work have been σ 
For the homogeneous interactions the coupling parameters were e LJLJ = e GBGB = 1.0, while for the heterogeneous ones we have considered various values e GBLJ = 1.0, 1.5, 2.0, 2.5, and 3.0. The well width and model exponents have been set to σ c = 1σ 0 , µ = 1, and ν = 3 for all cases. In Figure 1 we show the solute-solvent pair potential profiles relative to the lateral interactions for the principal values of the coupling parameters e LJLJ , e GBGB , and e GBLJ considered in this work. We see that with e GBLJ = 1.0 the GB-LJ interaction is a half of the LJ-LJ, and a third of the GB-GB energies. If e GBLJ = 2.0 the GB-LJ interaction is as strong as the LJ-LJ potential, while taking e GBLJ = 3.0 the GB-LJ energy almost equals the GB-GB interaction. The potential cutoff radius has been chosen as r c = 4σ 0 , while the neighbour list 25, 27 radius was r l = 4.8σ 0 .
Computer Experiments
We have performed molecular dynamics (MD) computer simulations solving the translational and rotational Hamilton equations of motion for our system of N rigid bodies by using a finite difference velocity Verlet-like integrator. 25, 27 The temperature and pressure have been kept constant during the simulation by using the T and P weak-coupling algorithms due to Berendsen et al. 28 The sample was contained in an orthogonal box with periodic boundary conditions, with the sides allowed to change independently under control of the barostat. In all experiments we have considered a constant dimensionless pressure P * = σ 3 0 P/ 0 = 8.0, which corresponds to ≈ 3 × 10 7 Pa, and temperature T * = k B T / 0 in the range 1.6 ≤ T * ≤ 3.6, so that the pure LJ fluid at T * < 2.0 freezes, but at T * = 3.6 it is still in the liquid phase. 26 The dimensionless time step has been set to ∆t * = 0.002, which corresponds approximately to 6 × 10 −13 s. We have considered sample mixtures formed by a constant number N = N GB + N LJ = 5000 of particles and with N GB = 100, 200, and 400, corresponding to solute mole fractions x GB = N GB /N = 0.02, 0.04, and 0.08. For the temperature T * = 2.4 we have also studied the x GB = 0.01, 0.015, 0.02, 0.025, 0.03, and 0.035 cases. The dimensionless particle masses were m * LJ = 1.0, and m * GB = 1.5, and a uniform mass density was assumed for the evaluation of the inertia tensor. All initial configurations have been prepared equilibrating at the same temperature and pressure later used for the virtual nanodroplet growth experiment, but with the solute-solvent interaction parameter e GBLJ sufficiently high to ensure a perfectly miscible system. In a preliminary set of runs we have determined that no phase separation occurs for e GBLJ > 2.5. Thus, for preparing the initial samples we have used a solutesolvent interaction e GBLJ = 3.0, giving solute-solvent and solvent-solvent interactions of similar strength (see Figure 1 ), and usually a 5 × 10 3 time steps long MD simulation was sufficient to stabilise all thermodynamic observables of the solution. After this pre-equilibration, the e GBLJ parameter was changed to the desired value and the MD aggregation experiment performed. This approach produces starting configurations which can be evolved without abrupt discontinuites in the short time dynamics of the thermodynamic properties when the solute-solvent interactions are switched to those used for the aggregation experiment. As the nanodroplet formation may be sensible to the specific starting configuration, for good statistics and averages each aggregation experiment should have been repeated several times at the same pressure and temperature from a different starting configuration, but due to the overwhelming amount of CPU 4 time required this was not possible in this work.
Simulation Results
We now discuss the results of several aggregation experiments trying to assess the effect of solute-solvent coupling parameter e GBLJ , solute mole fraction x GB = N GB /N , temperature T * , and sample size N on the dynamics of demixing, and the morphology, structure, and anisotropy of the liquid crystalline nanodroplets. A qualitative overview of a typical sample evolution can be obtained by examining a sequence of MD sample snapshots taken at regular time intervals, like the one given in Figure 2 for the x GB = 0.04 system (N GB = 200) at T * = 2.4. In this case, the initial clustering of particles has produced after t * = 200 several aggregates of various sizes, and these have coalesced into a larger one, albeit quite elongated and still not completely ordered, after t * = 400. The nanodroplet has reached a compact shape after t * = 600 and does not dissolve thereafter, although its shape fluctuates considerably. To rule out that the nanoscopic size of the aggregates was only due to finite size effects and particularly by the number of solute particles, we have run an additional test MD simulation of a much larger system formed by N = 40000 particles at T * = 2.4 and at the same mole fraction x GB = 0.04. This sample is large enough to allow the observation of the concurrent formation and growth of several nanodroplets or of one very large one in the same simulation box. We have found, as shown by the snapshot in Figure 3 , that a set of droplets with sizes comparable to the one observed for the N = 5000 samples is obtained. The largest effects observed are certainly related to the value of the solute-solvent interaction e GBLJ , and tuning its value allows to modify the complete phase diagram of the GB-LJ mixture. In particular, it is possible to switch from a system where phase separation occurs at all temperatures of existence of the liquid solvent, to the opposite case of complete miscibility. Considering the five values of the parameter e GBLJ = 1.0, 1.5, 2.0, 2.5, and 3.0 we have found that systems with e GBLJ = 3.0, and 2.5 and solute mole fractions x GB = 0.02, 0.04, and 0.08 show a complete miscibility of GB and LJ particles at all temperatures studied. Running the MD experiments in systems with lower e GBLJ parameters, demixing does take place, and, as a general trend, we notice that a smaller e GBLJ increases the critical miscibility temperature. The case e GBLJ = 2.0 which produces lateral GB-LJ and LJ-LJ interactions with the same strength (see Figure 1) , is particularly interesting as it offers a wider possibility of driving the formation of quite differently ordered droplets simply by changing the temperature. In the remaining part of this paper we mostly concentrate on this case, and investigate the influence of temperature and solute concentration on the nanodroplet aggregation dynamics.
Droplet identification
The dynamics of the growth process can be studied more quantitatively by monitoring the cluster number and sizes during the experiment: to do so we have used Stillinger's definition 29, 30 and analysed the MD configurations looking for GB particles pairs with contact term σ AB (ω 1 , ω 2 ,r 12 ) smaller than a threshold of 0.5 σ 0 . Scanning the list of neighbouring particles it is possible to map all aggregates, and we have arbitrarily defined a nanodroplet every cluster of at least N min = 25 GB particles. In addition, we have mapped the average number of core and interface solute particles. The droplet core particles are those whose closest neighbours with contact term smaller than the 0.5 σ 0 threshold are only solutes, while the interface particles are the remaining ones.
To compensate for the large fluctuations of properties in the smaller aggregates we have used as weighting factors N j (t) for the summation terms the numbers of particles within each nanodroplet. In Figure 4 we plot the ratio N c /N i of the numbers of core and interface particles at T * = 2.4 for various concentrations. We see that for the diluted sample x GB = 0.02 the droplet is not large enough to have a significative core and the ratio remains close to zero. The intermediate concentration x GB = 0.04 sample gives droplets where ≈ 25% of the particles for a stable core, but still most of the aggregated solute forms a diffuse interface. For the x GB = 0.08 system instead the droplet size is large enough to have more core particles than interfacial ones.
Droplet shape
To assess the droplet shape beyond visual inspection we have measured the anisotropy λ I = [I zz − (I xx + I yy )/2]/Tr[I] of the diagonal inertia tensors for each nanodroplet. Using the same approach followed for the droplet mapping, we have computed configurationwise average values where each term has been weighted by the corresponding droplet mass. In Figure 5 we compare the average weighted anisotropy for the system at T * = 2.4 for x GB = 0.02, 0.04, and 0.08. We see that at all concentrations the nanodroplets have substantial deviations from spherical symmetry. The time evolution of the anisotropy is fairly noisy and shows occasional short-lived peaks whenever two droplets coalesce into a larger one. These fluctuations survive also at longer time scales, when almost all particles have aggregated, as can be seen from the snapshots of Figure 6 . For the highest concentration system (x GB = 0.08) we observe an initial behaviour similar to the other cases, until the largest droplet becomes definitely prolate for t * ≥ 1100 when a periodic boundary conditions artifact appears as a channel-like aggregate crossing the whole MD sample. In all cases we have found a common pattern with a small shape anisotropy corresponding to an elongated shape (i.e. with two inertia tensor eigenvalues higher than the average value). This behaviour is consistent with the experimental observation of prolate nanodroplets. 
Droplet structure
A qualitative information on the droplet structure can be gathered by examining the radial pair correlation functions 25, 31 for solute-solvent g GBLJ (r), and solute-solute g GBGB (r) pairs shown in Figures 7-8 . These functions have been calculated as discrete histograms by analysing the configurations of the equilibrated part of the MD runs. To ease the comparison of the results for the different mixtures they have not been normalised, as customary, to have for large pair distances the limiting asymptotical value of one, but instead they have been rescaled to give the average mole fraction. When populating the histogram bins we have not distinguished between bulk and interface particles, so these correlation functions measure an average structural behaviour, irrespective of the various specific environments surrounding each particle. Our final samples usually exhibit a single well defined globular droplet with regular surface and whose diameter is a few molecular lengths (at most 18 σ 0 for the x GB = 0.08 system), surrounded by the liquid solvent. As already noticed, these properties are recovered also in larger samples where more than one droplet form. In Figure 7 we show the radial cross-correlation function for GB-LJ particles for the x GB = 0.04, samples, and T * = 2.0, 2.4, and 2.8. We see that at the highest T * the r < 4σ 0 portion of g GBLJ (r) is more populated than the one at lower temperature, and this is consistent with a picture of droplets whose interface is less sharply defined, with solvent particles diffusing more deeply inside the droplet, so that the GB particles aggregation process is less effective than in the lower T * samples. The g GBLJ (r) histograms for the x GB = 0.02, and 0.08 cases (not shown here for concision) are quite similar to those relative to x GB = 0.04. The effect of solute mole fraction on the internal structure of the nanodroplets can be inferred more effectively from the short-range features of the solute-solute g GBGB (r) histograms shown in Figure 8 , where we compare the correlation functions obtained at T * = 2.4 with different solute concentrations. For the highest concentration sample x GB = 0.08, the distribution corresponds to a fairly ordered nematic droplet ( P 2 = 0.72) with well defined short-range pair correlations and positional structure. The x GB = 0.04, and 0.03 droplets also possess a nematic structure with P 2 = 0.56, and we see a well structured pair correlation. In the more diluted sample x GB = 0.02, the droplets are smaller and unstable and eventually the GB particles of system x GB = 0.01 do not aggregate and the correlation function g GBGB (r) is similar to that of a very diluted gas. The T * = 2.4 system with highest concentration and large P 2 = 0.77 value exhibit droplet structure intermediate between that of a nematic and a smectic phase with local short-ranged layering of GB centres of mass. At lower temperatures the spatial extent of this positional ordering increases and well defined regularly spaced undulations in the pair density along the director 24 (not shown here for concision) corresponding to the formation of smectic-like layering within the droplets appear (see Table 1 ). Similar conclusions can be drawn on the basis of the average relative droplet density profiles ρ(r)/ρ d of Figure 9 which have been measured with respect to the centres of mass, and using as uniform density ρ d the ratio between the number of solute molecules and the corresponding droplet volume. The plot in Figure 9 shows that at T * = 2.4, and concentrations x GB = 0.08, 0.04, 0.03, and 0.02 the aggregates are large enough to have constant density profile, whose size increases with concentration. The fluctuations in density, and the thickness of the diffused interface are comparable for all concentrations.
Droplet order
A semi-quantitative information on the growth process can be obtained by examining the short time dynamics of the instantaneous orientational order parameter P 2 (t) = [
, obtained taking for each configuration the mean value of order parameters of the N D (t) GB droplets found at time t. Again, to compensate for the large fluctuations of properties in the smaller aggregates we 7 have used as weighting factors N j (t) the numbers of particles within each nanodroplet. For every droplet j with directord j (t), the angle β ij (t) measures the orientation of particle i with respect to the instantaneous direction of alignment within the nanodroplet. In practice, the order parameter P 2 (t) has been computed averaging the values for all droplets obtained from the standard diagonalisation procedure of order matrices, 32 one for each nanodroplet. In Figure 10 we report the weighted order parameter P 2 (t) short time evolution for the T * = 2.4 temperature of the e GBLJ = 2.0, 1.5, and 1.0 systems with solute concentration x GB = 0.04. This plot hints that e GBLJ affects the short time dynamics of GB particles ordering in growing nanodroplets, since P 2 (t) for the e GBLJ = 1.0, and 1.5 systems grows faster than for the e GBLJ = 2.0 case at the same temperature, concentration, and minimum droplet size N min = 25. For the sample with e GBLJ = 1.0 and 1.5 at temperature T * = 2.4, partially ordered aggregates are already formed after t * ≈ 80, while for the e GBLJ = 2.0 case a time almost as quadruple as that is required. Shifting to longer time scales, in Figure 11 we plot P 2 (t) for e GBLJ = 2.0 and three temperature values of the x GB = 0.04 sample which, for the pure GB system, 24 correspond to two nematic and one smectic point in the phase diagram. The total simulation time is of the order of 0.1 µs. In all nanodroplet growth experiments we have observed that after stable and ordered aggregates of GB particles have formed, a slower process of orientational ordering takes place, also accompanied by a slow rate size growth, that steadily continues for the whole MD run until almost all GB particles have aggregated. The average order parameters obtained for t * ≥ t * eq = 500 are shown by the horizontal lines of Figure 11 , and we notice large fluctuations, due both to the small number of particles forming the nanodroplets, and to the substantial rearrangement of particles within the nanodroplet, taking place whenever two smaller aggregates with different director orientation coalesce into a larger one. We have also evaluated the mean value P 2 j = (1/M ) M n P 2 (t n ) of the order parameters of Figure 11 , computed as an average value over M configurations starting from a given t eq corresponding to the beginning of a plateau-like portion of the P 2 (t) vs t plots. The sampling of the trajectory has been done at uniform t n = n∆t + t eq times. Results for P 2 j after the nanodroplets formation and stabilisation are reported in Figure 12 for solute mole fractions x GB = 0.02, 0.04, and 0.08. In all cases, we see from P 2 j that at the highest temperatures the droplets are globally isotropic, while at intermediate T * values there is a spontaneous formation of anisotropic aggregates. In the plot of P 2 j versus temperature the order initially increases, as expected, when lowering the temperature until at T * < 2.0 the solvent freezes and the rough solid surfaces around the nanodroplets reduce their ordering. For some of the x GB = 0.08 samples, a channel-like aggregate due to periodic boundary conditions eventually forms (see Table 1 ), and this introduces a change in the shape of the droplet surface, and a slight increase in the average order parameter which leads to a weaker temperature dependence of P 2 j in the nematic region. By increasing x GB we observe the formation of smectic, nematic, or isotropic nanodroplets, and the overall effect of concentration can be seen in Figure 13 , where we report the average order parameter P 2 j for T * = 2.4 and mole fractions x GB = 0.08, 0.04, 0.035, 0.03, 0.025, 0.02, 0.015, and 0.01. We have not performed a detailed study looking for a critical droplet size, but a qualitative comparison of the results for these systems with different concentrations shows that for x GB = 0.01 there are no evidences of demixing in the time span covered by our MD experiments, while for the x GB = 0.015 system we observe a partial aggregation of ≈ 50 particles but not a stable droplet. For the sample with x GB = 0.02 almost all GB particles actually segregate and form a nanodroplet, but the N GB = 100 size is not large enough to sustain a stable anisotropic structure: once the droplet is formed the particles remain aggregated but the nanodroplet shape and structure change quite dramatically and P 2 (t) oscillates between 0.05 and 0.6. Only when the mole fraction becomes x GB ≥ 0.03 the anisotropic properties of the nematic nanodroplet become stable in time. These thresholds are expected to slightly decrease/increase when lowering/raising the temperature. In Figure 14 and Table 1 we summarise the temperature ranges, the different kind of nanodroplet organisations, and the average orientational order parameter P 2 given by the aggregation of GB particles.
Conclusions
We have investigated, using molecular dynamics simulations, the aggregation process of Gay-Berne mesogenic particles dissolved in a Lennard-Jones solvent in low (< 10%) concentrations. The formation of nematic and smectic liquid crystalline nanodroplets, as well as isotropic ones (as summarised in Figure 14) from the homogeneous solution has been observed. We have characterised the droplets size and shape, and considered the effect of thermodynamic parameters, namely temperature, solute mole fraction, and the specific solute-solvent interaction strength. The growth process has typically been followed for systems of N = 5000 particles for over ≈ 2500 t * units, corresponding to a time scale of the order of 0.1 µs. We have also verified on a eight times larger sample that the aggregation process features, and the typical droplet sizes are maintained. The variables with the largest influence on the properties of our GB-LJ mixtures are the solute-solvent interaction e GBLJ , and the solute concentration x GB . We have shown how both of them can be jointly tuned to control solute aggregation, and the size and ordering of the droplets, passing from uniform and isotropic solutions to dispersions of liquid crystalline nanodroplets. We have assessed how temperature controls the dynamics of droplets formation and the consequent anisotropic properties and structure, finding that at sufficiently high T * all samples studied do not demix and form stable uniform and isotropic GB-LJ mixtures. By lowering the temperature we have observed the formation of isotropic aggregates and, at even lower temperatures, nematic nanodroplet with globular and ellipsoidal shape similar to those observed experimentally.
1 Our study suggests that the molecular properties related to the solute-solvent interaction e GBLJ parameter might be used to finely control the features of the solute nanodroplets. Even if our model is very simple, we trust it can represent a first step in the rationalization at microscopic level of the formation of liquid crystal droplets in some of the very complex and varied systems studied experimentally. Figure 11: Evolution of the instantaneous weighted droplet order parameter P 2 (t) for a mixture of N = N GB + N LJ = 5000 particles with mole fraction x GB = 0.04, coupling parameter e GBLJ = 2.0, at P * = 8.0 and T * = 2.0, 2.4, and 2.6. The vertical line at t * eq = 500 gives the initial time of the averaging process, while the horizontal lines correspond to the average P 2 j obtained for t ≥ t * eq . 
